We tune the Fermi level alignment between the electron transport layer consisting of SnOX, and, Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 and highlight that this parameter is interlinked with currentvoltage hysteresis in perovskite solar cells (PSCs). Furthermore, thermally stimulated current measurements reveal that the depth of trap states in the ETL or at the ETL-perovskite interface correlates with Fermi level positions , ultimately linking it to the energy difference between the Fermi level and conduction band minimum. In the presence of deep trap states, charge accumulation and recombination at the interface are promoted, affecting the charge collection efficiency adversely, which increases the hysteresis ofPSCs.
3
An astonishing improvement in power conversion efficiency (PCE) of perovskite solar cells (PSCs) from 3.8% up to more than 22% in a few years has brought them to the forefront of photovoltaic research with the goal of producing low-cost and solution-processed yet competitively efficient solar cells. [1] [2] [3] In spite of the enormous growth in the field, their development is still hampered by anomalous hysteresis in the characteristic current-voltage scan of the solar cells. 4 This effect has been linked to several processes such as ion migration in the perovskite phase, trapping of electronic carriers at the perovskite -electron transport layer (ETL) or hole transport layer (HTL) interface as well as ferroelectric polarization. [5] [6] However, none of these processes fully account for the behavior observed: perovskites have poor polarization retention at room temperature 7 ; charge trapping and detrapping occurs at a much faster timescale than hysteresis (microseconds vs tens of seconds); and ion migration cannot offer a complete explanation of why changing the interfacial contact materials, i.e. fabrication of inverted solar cells employing PEDOT:PSS and PCBM yield such pronounced differences regarding the hysteretic behavior of the devices.
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Despite the limited understanding of hysteresis in PSCs, several studies have demonstrated that the hysteresis can be suppressed by modifying the interface between ETL and perovskite or replacing the contact materials. The first approach was realized with fullerene derivatives with/without self-assembled layers (SAMs), resulting in negligible hysteresis in solar cells by reducing the non-radiative recombination channels due to the reduction in the trap density at this interface. [8] [9] [10] Additionally, ZnO was shown to be a promising alternative to TiO2 due to better electron mobility, very high transmittance as well as lower fabrication cost. 11 However, there are still issues regarding degradation of the perovskite due to the basic surface of ZnO which therefore requires the use of organic interfacial layers to maximize performance and minimize hysteresis. 6 Furthermore, any built-in field at the ETL-perovskite interface is expected to be screened by mobile ions. 14 Therefore, matching the Fermi levels of the charge transport layers and the perovskite absorber is important to ensure effective charge extraction and to avoid charge accumulation and recombination. 15 Here, we have investigated the influence of the Fermi level alignment between the ETL and the absorber on the hysteresis of multiple-cation mixed-halide PSCs. Our ultra-violet photoelectron spectroscopy (UPS) measurements show that annealing SnOX layers at different temperatures allows fine tuning of their Fermi level, as schematically shown in Figure 1a . Furthermore, we link the Fermi level position to the presence of energetically deep trap states in the ETL or at the ETLperovskite interface with the help of thermally stimulated current (TSC) measurements. We show that depth of traps correlates with an increase in hysteresis of PSCs, likely due to increased charge recombination at the interface. Moreover, our measurements show that if the band alignment between the perovskite absorber and SnOX layer is fulfilled, the resulting device excels due to greatly reduced hysteresis and much better performance.
5
The solar cell architecture used in this work is shown in Figure 1b in 17 The solar cells were finalized by spin-coating of 2,2′,7,7′- The change in Fermi level energy can be explained by means of the defect states formed in the metal oxide layer. In a semiconductor, the work function of the material is defined not only by the band structure and the density of states of the pristine material, but also by defects which causes charge carrier trap states within the band gap. Therefore, it is likely that the SnOX used in this work is defect-rich since the films are not crystalline ( Figure S9 ). In fact, Du et al. have shown that the oxygen vacancy defect in TiO2 causes deep defect levels located 0.4-1.18 eV below the CBM of TiO2. 18 Analogously, the defects in SnOX layers are attributed to oxygen vacancies, [19] [20] leading to similar defect distributions below the CBM. Therefore, changing the density and depth of the trap states in the semiconductor allows for Fermi level tuning, which in our case can be achieved by thermal annealing of ETL in air. 21 In order to fully understand this connection, we investigated the energetic trap landscape in devices fabricated with different SnOX films via thermally stimulated current (TSC) 22 measurement, which we applied successfully to PSCs in previous work. [23] [24] As TSC is performed on fully processed solar cells (as described above), it enables probing of electronic trap states and In order to extract the activation energy of the trap states, the slope of the initial rise of the TSC current, which was attributed to the start of trap release, is fitted in the Arrhenius plot (Figure 4b) for each annealing temperature according to the following equation:
where , , and are the activation energy, Boltzmann constant and temperature, respectively. [25] [26] The values of the activation energies to release electrons from trap states are summarized in Table S1 . The results from UPS and TSC, summarized in Figure 4c are in noticeably good agreement:
Annealing of as-prepared SnOX films leads to a significant reduction in the trap density as well as energetic depth of the trap states in the ETL or at the ETL-perovskite interface, resulting in a shift of the ETL Fermi level closer to the CBM. Particularly, we find the trap depth plays a significant role in charge accumulation at the interface since charge transport in metal oxides such as the SnOX layers relies on a trapping-detrapping mechanism. 27 The photogenerated electrons are transferred from absorber into SnOX layer where they relax and localize in sub-band gap states. The electron transport occurs via thermal detrapping, diffusion in the conduction band and again retrapping. In this way, charge transport is limited by the detrapping events, which is highly dependent on the energetic depth of the trap state. 27 Ultimately, the highest PCE and lowest HI are found for the solar cell with the ETL annealed at a temperature of 180 o C, where the shallowest trap states result in the best Fermi level matching. Additionally, we point out that these trap states in SnOX are unlikely to cause a light-soaking effect in PSCs. This effect has previously been assigned to light-induced ion/defect migration in the perovskite lattice. 28 In fact, in other solar cell systems, UVlight soaking effects are reduced when TiO2 is exchanged by SnOX. 
